The advantages and limitations of Geiger counter techniques in a laboratory applying X-ray methods to a variety of problems are discussed and some simple examples are described. These illustrate the convenience of its use in obtaining semi-quantitative results very rapidly and in following the effects of various treatments. The accuracy of the method is considered in relation to the statistical effects associated with the operation of the Geiger counter and the influence of damping in the recording system. The addition of Geiger-Muller counting devices to X-ray equipment has placed at the disposal of the investigator a means of directly and rapidly estimating X-ray diffraction intensities which he has not possessed since the early ionization chamber technique was generally discarded in favour of the photographic record. Several years' experience with the new technique at the National Physical Laboratory has made it evident that GeigerMuller counter apparatus has a definite part to play in an X-ray laboratory and that for dealing with certain kinds of problem it has marked advantages over the photographic procedures.
The advantages and limitations of Geiger counter techniques in a laboratory applying X-ray methods to a variety of problems are discussed and some simple examples are described. These illustrate the convenience of its use in obtaining semi-quantitative results very rapidly and in following the effects of various treatments. The accuracy of the method is considered in relation to the statistical effects associated with the operation of the Geiger counter and the influence of damping in the recording system. The addition of Geiger-Muller counting devices to X-ray equipment has placed at the disposal of the investigator a means of directly and rapidly estimating X-ray diffraction intensities which he has not possessed since the early ionization chamber technique was generally discarded in favour of the photographic record. Several years' experience with the new technique at the National Physical Laboratory has made it evident that GeigerMuller counter apparatus has a definite part to play in an X-ray laboratory and that for dealing with certain kinds of problem it has marked advantages over the photographic procedures.
The following example is typical of the more straightforward forms of application. A request was received for the examination of six metallic specimens, all somewhat dirty or oxidized, each of which was stated to consist of an iron base with a plated surface layer, probably nickel. The problem was to determine as rapidly as possible whether all the specimens were in fact plated with nickel. One of the specimens was immediately mounted on a Geiger-Muller counter X-ray spectrometer, and on the assumption that nickel diffraction lines would be found, a manual traverse was made over the range 28 = 70" -40" at a rate of approximately 1" in 10 sec, using unfiltered iron radiation. The pen of the automatic recorder was switched on at the same time, but its chart remained stationary, and so long as no diffraction line was encountered, the pen suffered a small deflexion corresponding to background intensity and remained stationary upon the chart except for slight movement due to the natural fluctuations of the counts emerging from the Geiger-Muller counter tube. As soon as a diffraction line was encountered, however, an increasing deflexion was observed, and the effective position and intensity of the line was then determined in a few seconds by successively narrower bracketing traverses across the peak and the angle written down. The chart was then moved forward by hand to a new position and the angular survey continued. In this way eight lines were discovered and their approximate intensities obtained in less than 10 min, after which a few minutes' calculation sufficed to show that 4 of the lines corresponded to the (111) and (200) lines (a and /3) from nickel, and the remaining 4 to the corresponding lines from nickel oxide.
The other specimens were examined in the same way, with some reduction in the time required for each due to the information already gained from the first specimen. size) of a nickel-plated metal specimen.
(c) After finther abrasion removing nickel oxide.
From 5 of the specimens the same evidence of nickel and nickel oxide was obtained, but in the sixth case no lines at all were observed, though it was noted that the background intensity approached twice the normal. The suggestion was therefore made that the exceptional surface coating would be found to be chromium, since this element would strongly absorb and scatter both the cc and /3 wavelengths of iron, and chromium is a common plating metal. This suggestion was subsequently con-.firmed by a chemical test. It is to be noted that roughly quantitative results were being obtained from the first sample within 1 or 2 min of the enquiry being presented. The complete survey extended to about 2 h, a time which compared favourably with that required for the simpler forms of chemical test which might have been applied, and very favourably with normal photographic procedures, in which the time
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required for the development of six l i h s would alone approach 3 h.
In Fig. la there is shown a record obtained from the fist' specimen by traversing the Geiger-Muller tube automatically at a rate of 1" in 36 sec (the maximum available) and running the chart at a speed of 0.25 in in the same time. Both methods show the very much enhanced value of the (200) diffraction line of the electrodeposited layer. The two procedures have supplied essentially the same information, so that the decision as to which is the most profitable method in cases of this kind is to be determined both by considerations of expedience and by the application of experience to the particular features of a problem. It may sometimes prove desirable to transfer to the mechanical survey after a fist manual observation, or vice versa.
In Figs. 1 b and c are shown the traces obtained after successive attempts to remove nickel oxide from one of the specimens by means of abrasive, the left-hand curve indicating that at this stage a small amount still remains. The curves of Fig. 1 illustrate another feature of direct X-ray observation, in that it is possible to combine successive modifications in the condition of a material with immediate X-ray examinations. It is evident from these examples that there is a very considerable advantage to be gained from the GeigerMuller counter technique if there is involved the measurement of the intensity or some other property of a single X-ray line or of several lines. Thils a spec& test made at the known positions for the nickel lines would have been accomplished in less than 60sec. In much the same way it was found that when making a survey of a sample which displayed orientation vagaries over its surface, readings could be obtained from successive regions at a rate of 30/h, differences of 5 % being observed with ease. In another investigation involving the measurement of line-breadths, line contours were plotted in about 30 min.
When the problem is of an elementary kind it may be unnecessary to make use of any formal measurement. The simplest of observations, applied almost instinctively by the regular user, is undoubtedly the sudden impression on the ear when there is a signiticant change in the rate at which pulses are reaching a mechanical counter. Similar responses may be obtained with devices like the electronic "magic eye," and visual observation of the altered pulsing rate of the neon tubes of a scaling system, of the changing rate of movement of a mechanical counter, or of the first response of the pointer of a ratemeter are other obvious sources of spontaneous information.
INTRINSIC FEATURES OF THE G E I G E R -M~L L E R
The above discussion has shown that by using the Geiger-Muller counter devices there will result a very considerable gain in facility when certain types of problem are being investigated. It is now necessary to consider two factors which are mainly responsible for attaching limits to the practical scope of the method. The l i r s t limitation is imposed by the finite size of the aperture (usually a slit) through which the diffracted X-rays pass into the Geiger-Muller counter tube. The pulses emitted by the tube are related to the sum total of the intensities of the X-rays passing through different parts of the aperture, and obviously provide no indication of any variation across its area. If an X-ray line is continuous the only effect is to cause a slight broadening and modscation in shape, exactly as the finite area of a photometer slit modifies slightly a photographic record. This is the condition when the sample is a h e powder or a fine grained solid. If, however, the X-ray line is discontinuous due to a larger particle or grain sue in the sample, the influence upon the observations may be considerable, and in the limiting case when only a few X-ray spots are produced instead of an approximation to a continuous line, there is a distinct probability that there will be no indication of the existence of diffraction rings. In such circumstances a photographic record will most probably still provide the essential evidence.
Rather more complicated conditions may arise when technological materials are being examined. After heat and working treatments they may display deviations from the fine grain continuous X-ray line condition which are not so much simple grain growth effects as the development of fine detail within the X-ray lines. Apart from this the lines remain more or less continuous. Detail of this kind can provide much useful information to the experienced observer, but cannot be expressed in any quantitative fashion. It will obviously not be recorded by a Geiger-Muller counter survey.
It is evident that the Geiger-Muller technique is to be regarded essentially as an appropriate method for application to materials which are fine-grained, or which can be made to produce continuous lines by rotation, oscillation or traversing of the specimen in order to bring a multiplicity of grains into the reflecting position.
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BRITISH JOURNAL OF APPLIED PHYSICS Use of counter X-ray spectrometer While the effect of simple grain growth may be remedied in this way, the fine detail effects will not in any case be observed. It follows in general that a material in an entirely unknown condition should not be examined in the &st place by the Geiger-Muller technique without the qualifying knowledge that, in spite of positive information derived from the record, evidence may be missed which would have been recorded by the photographic technique.
In practice, experience of the properties of the working materials is of considerable assistance in determining which should be the mode of preliminary attack in any given instance.
The second limitation imposed on Geiger-Muller counter measurements is related to the errors of observation. Although the actual number of pulses emitted by a Geiger-Muller tube may be counted accurately by electronic methods, intrinsic errors arise from their statistically random distribution around the average rate, the probable error, that is the error below which lie 50% of any large number of observations, being 0.67 times the square root of the average number of counts in the time concerned or, for most practical purposes, 0.67 times the square root of the observed counts in an observation. An ultimate limit to the counting rate is set by the characteristics of the Geiger-Muller tube itself, being of the order of lo4 counts/sec. This figure is hardly a practical limit, if only because sensitivity disappears as it is approached, and it is usual to work at considerably lower rates. With standard X-ray equipment there is no difficulty in obtaining counts of more than 103/sec at the maxima of strong lines, but for conservative estimation the figure of 5 x 102/sec may be selected as a somewhat arbitrary working maximum. In the same way a count of lO/sec may be chosen as a minimum count obtained from a rather low background intensity. With these rates the 4 000 counts required to give a probable error of about 1 % are obtained in about 10 sec and 5 min respectively. It is evident that there are definite limits to the scope of Geiger-Muller counting mechanisms, determined in the first place by the characteristics of the counter tube, and secondly by the necessity for maintaining the time schedule of operations within reasonable limits. Thus to increase a given accuracy tenfold requires a hundredfold increase in the observational time scale if the counting rate remains the same.
The errors of observation cannot be less than those connected with the randomness of the pulses and with the number received during a given time interval. Consequently there can be no gain in accuracy by the introduction of additional circuits and the recording of observations by means of a ratemeter or an automatic recorder. Thus the advantages of an automatic recording are connected intrinsically with convenience of operation. Automatic recording adds to the Geiger-Muller counting technique an elementary merit of the photographic VOL. 2, JUNE 1951 159 method, in that the production of the record need absorb only a small proportion of the operator's time.
The most direct automatic record of discrete counts would be that obtained by a teleprinter enumeration of the numbers of pulses obtained during equal intervals of time, provision being made for moving the counter tube by a pre-set amount after each period. Alternatively there might be entered as ordinates on a chart successive lengths proportional to the number of counts received during equal intervals of time, both counter tube and chart being moved on by predete,mined amounts between readings. Both these methods would give the essential results of direct counting, the second method giving also the proae of the pattern. However, the normal interpretation attached to the term "automatic recorder" involves an extension of the ratemeter principle, the pen of the recorder providing a measure of the average counting rate. The desired smoothing of the random fluctuations is secured, as with a ratemeter, by the introduction into the circuit of a resistance-capacity unit with a suitable time-constant. The Geiger-Muller tube and the recorder chart travel continuously and synchronously. It is with this type of recording mechanism that the curves already depicted have been obtained. The qualities of adequate sensitivity, consistency in operation, and linear relationship are satisfied by commercially available equipment. It may be noted that when it is desired to record both strong and weak diffraction lines during a single run, a relationship other than linear, e.g. logarithmic, offers advantages.
It is now appropriate to discuss errors of observation in their relation to an automatic recording process.
If counts arrive at a steady (statistically) average rate which produces a corresponding average deflexion of the recorder pen, the area beneath a given length of the trace is a measure of the pulses received during that period, and the error is given by the difference between the actual and the average areas. More simply, for like periods the error is measured by the difference between the average ordinate, and may be considered in relation to the probability of error estimated statistically. Since the errors are normally small, they may be described conveniently in terms of a small unit of measurement on the chart, say ljl0Oth of the full scale width. The probability that the observed error w i l l exceed any given multiple of the probable error is listed in Table 1 . 
0.0052
When applying these probabilities to X-ray observations the above figures are divisible by two, as we are concerned with positive deviations from the average level. It is evident, for example, that there is a probability of about 300 : 1 that an excess of counts greater than 4 P.E. is not due to background fluctuations and is a real diffraction effect. For a deviation of 6 P.E. the figure is about 40 000 : 1.
The trace of the background in Fig. 2 may be used as an illustration. n e r e s = 100 divisions, r = 20 divisions, c = 250 counts, U = 1.0" in 144 sec, 1 = 0.0015 in/sec and 1.9 0-158 0-074 p.E--=-=-divisions.
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The variation of the Probable Error in divisions with the time of observation, t, is shown in Table 2 .
It is clear that if the recorder pen were able to respond to the variations occumng within 1 sec or less, the fluctuations about the average background reading would be so large and so frequent as to make it impracticable to estimate the smaller overall deviations reckoned over siguficant intervals. The much smaller spread of the background record is the result of incorporating in the system a time constant of about 34 se& INFLUENCE OF TIME-CONSTANT For the steady state in which changes in counting rate are due to statistical fluctuations only, Schiff and Evans have established the relationships between time-constant and anticipated errors in a ratemeter containing a resistance-capacity unit, having a time-constant RC defined by the product of the resistance R and the capacity C. They show that the Probable Error of a single momentary reading from a ratemeter (e.g. recorder) is 0 . 6 7 ( 2~ RC)-*, where x is the expected number of pulses in unit time, basing their argument on the assumption that the intluence of each pulse dies away exponentially as determined by the time-constant RC. Consequently the single .reading has the same accuracy as the counting of pulses for a period twice the length of the time-constant, this being a measure of the "memory" of the resistance capacity system. When the average of ratemeter readings over a period of time is compared with the number of direct counts in the same period, the prqbable error of the average is found by this estimation always to be less than the probable error of the direct count, and to be the same as the probable error of a direct count taken over a period somewhat longer than the period over which the ratemeter average WBS taken. The effective extension of the period varies from 2RC when t = 0 to 1.5RC when t approaches infinity. Thus the reduction in probable error is important when the time intervals under consideration are short, and negligible when they are long; it is about one-third when the period over which the observations are averaged is equal to the timeconstant.
We may now consider the case of X-ray diffraction peaks superimposed on a background counting level. When examining a diffraction pattern it is natural to proceed by first noting the strongest lines, then those of medium or rather low intensity, and finally those deviations from the background which are dificult to assess with certainty. This is not the logical process, and the search should be for sigmficant fluctuations above the average background rather than for supposed line shapes of limiting intensity. A weak line which gives a signiiicant increase above the average may have little resemblance to the normal shape, because of the additive effects of subsidiary background fluctuations.
Referring to the trace of Fig. 2 , the effective width of the X-ray lines of the pattern is about 1 ", corresponding to a chart displacement of 0.22 in, 1" being scanned in 144sec, so that with a time-constant of 34sec the effective time of observation is (144 + n x 34) sec, where n has a value between 1.5 and 2.0. The choice of n = 2.0 gives the most stringent condition. Thus the Probable Error for a single observation is -0 * 13 divisions 1.9 1/(144 + 2 x 34) -and the probabilities for multiples of this error are listed in Table 3 . 
Use of counter X-ray spectrometer
If a probability of 1/300 is adopted as an arbitrary criterion, corresponding to a mean displacement of 0.52 divisions (4 x P.E.), a number of peaks of low intensity are found to be significant and can be allocated to the diffraction patterns of Fe0 and Fe,O,.
Several other positive deviations which may be signiiicant are also to be found. In particular, high values at about 40.5", although giving no defmite line shape, coincide in position with the strongest line of the a-Fe203 pattern, and consequently it would seem reasonable to postulate that the sample contains a small proportion of this oxide of iron: To check the actual existence of this or any other line it is necessary to make several more traverses over a limited range containing the particular angles concerned in order to determine whether the incidence of the deviation is greater than its calculated probability.
From observations of this kind upon the traces from background radiation, it is evident that assuming the strong lines of a pattern to correspond to full-scale deflexion, lines of about 2% of the maximum intensity are almost certain to be picked out from the background. The conditions provided by the X-ray equipment make this estimation of sensitivity definitely conservative. One outstanding difsculty has not been mentioned in the above arguments, namely that if a limiting deviation from a weak line coincides with a low background, there may result a normal background and thus no evidence of the existence of the line.
Criteria having been established for the existence of a line (e.g. a probability of 300 : 1 or some other value chosen to suit the requirements of the work) consideration may be extended by normal arguments to the expectation of discovering one or more false maxima in a survey covering any given angular range, and of repeating any one observation if corroborating runs are made.
It is necessary to take note of the modification in the Probable Error due to observations which involve two superimposed counting rates which is the normal case in X-ray work. The Probable Error of the sum or difference of the counts, at say the peak position of a line, is then 0.67 (n, + nJ+, where n, is the count obtained from the background during a given time interval and n, the count from background plus line. Thus when line and background are equally strong, six times as many counts are required to achieve a given accuracy as would be the case if the background were missing. The respective corrections are small in the two limiting cases when the line is either very strong or very weak compared with the background. In assessing the possible existence (not the accuracy of observation) of very weak lines, only the background count need be used to establish the criteria.
EFFECT OF T I M E -C O N S T A N T O N LINE-SHAPE A N D POSITION
A ratemeter mechanism is normally provided with the means of varying the time constant to suit the experi-VOL. 2, JUNE 1951 161 mental conditions. In Figs. 3,4 , and 5 thercare shown three sets of curves constructed artificially by imposing millivolts from a potentiometer upon the input terminals of the recorder. The lirst curves show the expected modifications in the appearance of a flat-topped peak when four different time-constants are used. The second set shows the modifications of an artificially contrived triangular peak which is an approximation to an X-ray line shape. The third set shows the corresponding modifications when neighbouring peaks are traversed. In all cases the uppermost curve was obtained with a time constant so short that it was closely representative of the true variation of the electromotive force supplied by the potentiometer. The remaining time-constants were 3,10, and 25 sec. Using the elementary fact that the driving force which moves the pen is proportional to the Merence between the ordinates of the true and modilled curves at any moment, several interesting deductions may be made. If the straight sides of the true curves were prolonged indefinitely, the modified curve would eventually rise at a similar rate, the difference between them being proportional to the time-constant, or with a given timeconstant to the slope of the line. Secondly, a point of inflexion must occur on the modified curve immediately below the maximum ordinate of the true curve. Thirdly, the maximum value of the modzed curve must lie at the point where the two curves cross, and if in the case of neighbouring peaks a minimum value appears on the modified curve it must be at the point where the rising edge of the second peak is crossed. There will also be a point of inflexion immediately above the true minimum between the curves. Lastly, the modified curve will be an exponential decay curve beyond the region where the true curve joins or closely approaches the background. These criteria are all specif~c for ideal conditions of operation and apparatus. In practice they will be satisfied closely enough to provide useful information of time-constants on a rectangular "line shape" C. Wainwright about the possible deviations from true line shape or peak position. There are also practical limitations, for although it is theoretically possible to mark the true peak position of a line by observing the point of inflexion on the rising modified curve, this can only be done accurately if the line is drawn on a large horizontal scale. This introduces practical difiiculties if a large number of lines is involved. A further modifcation attaches to the curves obtained from neighbouring peaks. It is clearly shown in Fig. 5 that with a large time-constant there occurs an enhancement of the intensity of the second line relative to the first. This is of practical importance, and when the relative intensities of close neighbours are to be assessed it is necessary to ensure that angular rate and time-constant are so chosen that a correct relationship between the peak values is preserved. Fig. 6 illustrates the practical significance of these considerations, traverses being made across an X-ray line from a crystalline sample, which was strong enough to give substantially full-scaledeflexion(ca250 counts/sec), using angular and chart rates of 1 O and 4 5 in in 36 sec. There is a close resemblance to the curves obtained by the use of a potentiometer, with the added complication of excessively large fluctuations when using the shortest time-constant. The average curve drawn through the trace with this short time-constant is found to be a close approximation to the true line shape; on the other hand, with maximum damping, though the trace is smoothed very adequately, there is excessive distortion of the line shape and reduction in intensity. The curves also show the relative efficiencies with which a neighbouring weak of timeconstants on an X-ray line line due to an impurity in the specimen is recorded when it follows closely after the main peak. With minimum damping the existence of a secondary peak is made evident, but the range of fluctuation is of the same order as its maximum value, while with maximum damping the extra intensity has been lost almost completely in the smoothed curve. Evidently for these working conditions the best value for the time-constant is near to 3 sec.
SUMMARY
The advantages arising from the introduction of Geiger-Muller counter techniques into the X-ray diffraction field are facility in operation, the securing of direct physical observations of a quantitative nature, and economy in time. Elimination of the photographic and photometric procedures is not only signilkant because of the simpliiication of any one X-ray examination, but also because it increases the likelihood of using the X-ray method as a practical tool in company with other physiczl and chemical tests. In circumstances where the X-ray examination has been known to supply useful information in the laboratory but has been precluded from more practical application by its complexity and by the hiatus between the photographic
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Use of counter X-ray spectrometer exposure and the critical measurement, it may now prove possible to use the method as a short-term testing process.
By the application of elementary statistical considerations it is possible to maintain a check on the performance of the X-ray and recording equipment, and to assess the sensitivity and accuracy to be expected from a recording apparatus. In practice, with established conditions of operation of an X-ray and Geiger-Muller counter equipment and some working experience with it, a sufficiently good assessment .of the essential features of a recorded pattern is obtainable from visual inspection alone.
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The electron energy distribution in helium
